This study evaluates the ability of three Regional Climate Models (RCMs) used in Coordinated Regional Climate Downscaling Experiment (CORDEX) to simulate the characteristics of rainfall pattern during the West Africa Summer Monsoon from 1998 to 2008. The seasonal climatology, annual rainfall cycles, and wind fields of the RCMs output were assessed over three homogenous subregions and validated using precipitation data from eighty-one (81) ground observation stations and TRMM satellite data. Furthermore, the ability of the RCMs to simulate response to El Nino and La Nina events was assessed. Results show that two of the RCMs (RCA and REMO) simulated the main features of the rainfall climatology and associated dynamics over the three subregions (Guinea Coast, Savannah, and Sahel) of West Africa. The RCMs also capture the African Easterly Jet (AEJ) and Tropical Easterly Jet (TEJ) with little variations in position and intensity. Analysis shows significant biases in individual models depending on subregion and season under consideration which may be attributed to strong cyclonic circulation observed at 850 mb pressure level. In general, the study shows RCA and REMO fairly simulate West Africa rainfall adequately and can therefore be used for the assessment of West African Summer Monsoon and future climate projections.
Introduction
The West African Monsoon (WAM) is one of the most crucial and dynamic phenomena of the West African climate system during the summer period [1] ; it plays a vital role in producing majority of the annual precipitation in the region. This monsoon has a large effect on weather and climate anomalies at both local and global scales due to its strong dependence on regional and global Sea Surface Temperature (SST) variations [2] [3] [4] . The WAM is caused by the seasonal reversal of winds due to differential heating between land and ocean, thereby resulting in seasonal heavy precipitation patterns. Previous studies have shown that the rainfall distribution over West Africa is critical for many activities such as water resources monitoring, rainfed agriculture, and drought and flood forecasting [5] . The WAM system consists of many atmospheric features such as monsoon flow, African Easterly Jet (AEJ), Tropical Easterly Jet (TEJ), African Easterly Waves (AEWs), and Mesoscale Convective Systems (MCSs) interacting in a complex way to provide the summer monsoon rainfall [1] . In West Africa, two low-level westerly flow regimes are important for the moisture transport; first is the well-known West African monsoon flow, which is formed by the westward acceleration of the onshore flow across the Guinean Coast. The second is the westerly flow near 10 ∘ N, directed from the eastern Atlantic onto the West African coast. This westerly flow was identified firstly by [6] using high-resolution scatterometer measurements and its dynamics were studied. However [7] named this jet the West African Westerly Jet (WAWJ) owing to its distinguished features and dynamics from the WAM flow. Recently, this WAMJ has been defined as a low-level feature of the summer climatology that transports moisture from the eastern Atlantic onto the African continent [8] . Previous studies have established a relationship between the WAMJ and rainfall variability over Sahelian part of West Africa. For example, [8] reported that wet and dry Sahel is associated with strong and weak WAMJ, respectively. In the mid-troposphere around 700-600 hPa there exists a strong easterly moisture flux associated with the African Easterly Jet (AEJ) centered near 15 ∘ N which advects moisture from eastern and central Africa to the west [6] . The AEJ occurs as a result of strong meridional surface moisture and temperature gradients between the Sahara and equatorial Africa [8, 9] and is associated with vertical wind shear. These gradients sustain an easterly shear that is strong enough to establish the AEJ above the lower-tropospheric westerly monsoon flow. However, owing to its importance, the Jet has been ascertained as one of the most crucial factors for Mesoscale Convective Systems development, sustenance, and movement over West Africa. Furthermore, the TEJ which is a June to September phenomenon is located in the upper troposphere around 250-200 hPa centered near 10 ∘ N and occurs as a result of mass flux from the Himalayas (Asia) and it has been reported by [8] that it only has a modulating effect on the WAM while the AEW is a synoptic activity which poses fast mode variability on rainfall [10, 11] with a timescale of less than 10 days [10] [11] [12] [13] . The AEW is triggered by convective heating in the central and eastern Africa [12] [13] [14] [15] [16] and thereafter propagates westward to interact with convective systems [17, 18] . The interaction between AEWs and convection results in a modulating effect on rain-producing systems (e.g., squall lines and precipitating cloud clusters) over West Africa [19] [20] [21] and is associated with more than 40% of Mesoscale Convective Systems (MCSs) [10] . These MCSs are well organized systems of individual thunderstorm cell which produces intense precipitation and contributes up to 80% of the annual regional rainfall over the Sahel [22] [23] [24] [25] [26] .
All these components of the WAM discussed exhibit interannual and interseasonal variability patterns. Moreover, the WAM has been found to have relationship with the observed El Nino and La Nina events otherwise called the El Nino Southern Oscillation, an unusual warming phenomenon peculiar to the eastern and central part of the tropical Pacific Ocean. Critical study on this relationship has been explored with the conclusion that there exist periods of strong and weak correlations between WAM and ENSO [27] . The authors presented a significant negative impact of positive (warm) ENSO phases on the WAM precipitation after the 1970s. Also, recent study specified the role of the main global SST modes in driving the multidecadal variability of the WAM precipitation which is a major cause of the ENSO event [28] . Predominantly, influence of anthropogenic activities on climate is becoming ever so apparent, thereby causing changes in the WAM. However, assessing these impacts on regionally important sectors has become a major concern, especially for policy makers who develop action plans to mitigate and adapt to the impacts of future climate change. Evaluation of climate model is a fundamental step in estimating the uncertainty in future climate projections [29] [30] [31] . Policy makers, among the key users of climate information, rely on the projections of climate change impacts in their decision making. Because of the crucial role of climate models in this process, it is essential to characterize their strengths, weaknesses, and uncertainties. The primary tool for projecting climate is the Atmosphere-Ocean General Circulation Models (AOGCMs) which simulate climate changes under a range of future greenhouse gas emission scenarios and are typically run at horizontal resolution of 100-250 km owing to their massive computational and data storage requirements. However, these models have shown poor performance in simulating the main features responsible for triggering and maintaining the West African Monsoon (WAM) rainfall [32, 33] ; hence for a detailed typical impact assessment, high spatial resolution models are required. Downscaling procedures have been developed and applied to derive regional to local-scale information from coarse resolution GCMs. Two downscaling techniques are used to produce regional climate information. Statistical downscaling used empirical relationships between large-scale atmospheric variables and local climate variables and has demonstrated the potential to produce useful and applicable information, though the application of statistical downscaling methods is hampered by the lack or dearth of long-enough observational data required at point or station scale to train and validate the statistical model. An alternative but computationally intensive approach that does not suffer from this restraint and captures mesoscale nonlinear effects is dynamical downscaling using high-resolution global models with variable spatial resolution [34] . However, the downscaling techniques suffer from uncertainties inherited from the driving GCMs and from those associated with their internal workings. In view of this, several RCMs have already been tested over West Africa in previous studies [33, [35] [36] [37] [38] [39] for different purposes. Most of these studies focused on their skill in representing the annual or seasonal cycle of critical meteorological variables (rainfall, temperature, humidity, cloudiness, etc.). Reference [39] assessed the ability of the Regional Climate Model (RegCM3) to reproduce the seasonal temperature and precipitation cycle during the period of 1981-2000 over West Africa with two sets of boundaries conditions, reanalysis data, and ECHAM5 output. To systematically explore uncertainties associated with dynamical downscaling, coordinated Regional Climate Model (RCM) simulations are necessary. Such coordinated efforts are available in other regions, such as Europe [40] , North America [41] , and South America [42] . In Africa, the Coordinate Regional Climate Downscaling Experiment (CORDEX) is the first effort that focuses on the whole of Africa and furthermore treats it as a priority domain [43] . It consists of two phases: in the first phase downscaling centers are asked to downscale a reference/verification period using ERA-Interim reanalysis dataset from the European Centre for Medium-Range Weather Forecasts (ECMWF) [44] biases were found in simulating the diurnal precipitation cycle. In West Africa, [48] assesses the capability of CORDEX simulation to simulate climatology and annual cycle of precipitation and temperature and found that the RCMs show acceptable performance in simulating the spatial distribution and variability of the main precipitation and temperature features. A detailed statistical approach was further applied in this paper to evaluate rainfall simulation by three CORDEX RCMs over West Africa during the summer monsoon of June-September.
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Study Area
The study area of this research is West Africa. The region as shown in Figure 1 broadly lies between longitudes 20 ∘ W and 20
∘ E and latitudes 0 ∘ and 20 ∘ N. Geographically, the gulf of guinea is the southern boundary, while to the north it is the northern boundary of Mauritania, Mali, and Niger. Its eastern and western limits are, respectively, to Mount Cameroun and Atlantic Ocean. West Africa includes 16 countries politically: Nigeria, Cape Verde, Gambia, Benin, Ghana, Guinea-Conakry, Guinea-Bissau, Ivory Coast, Liberia, Mali, Mauritania, Niger, Senegal, Sierra Leone, Burkina Faso, and Advances in Meteorology Togo, all occupying an area of approximately 5 million km 2 . However, following [49, 50] the West Africa domain is divided into three climatic zones as shown in Figure 1 :
, and Sahel (11) (12) (13) (14) (15) (16) ∘ N). The Guinea Coast represents the southern boundary to the Atlantic Ocean which is characterized by subhumid climate with an average annual rainfall between 1250 mm and 1500 mm. The number of growing days periods (GDP) varies between 180 and 270 days. The Savannah zone is a semiarid zone with an average annual rainfall between 750 mm and 1250 mm. However, this zone is affected by little dry season during the monsoon jump. The Sahel zone covers the northern boundary of Mauritania, Mali, and Niger characterized with a single rainfall peak but short rainy season (JuneSeptember) with a mean GDP and annual rainfall of about 90 days and 750 mm, respectively. The variability in climate of West Africa is also greatly influenced by topography and some of the most important plateaus are Fouta Djallon, Jos Plateau, and Cameroon Highland (see Figure 2 ). Figure 1 , which exhibits some localized highlands around Cameroon (Cameroon Mountains), Central Nigeria (Jos Plateau), and Guinea (Guinea Highlands); see Figure 2 . All the simulation datasets were obtained from the Climate Systems Analysis Group (CSAG) of the University of Cape Town, Cape Town, South Africa. Also, in a way to compare and validate the RCMs outputs, the study used precipitation data from ground observing station and satellite (TRMM). The ground observation data was collected over 81 meteorological stations in West Africa for the period of 1990-2008 (see Figure 3 for the spatial distributions) while the TRMM dataset was obtained from the Tropical Rainfall Measuring Mission (TRMM, 3B42 version 6 [51, 52] ) at 0.25 ∘ * 0.25 ∘ spatial resolutions from 1998 to 2008. Furthermore, in a way to assess the dynamics of the RCMs pressure level data for wind and specific humidity was used. These data were retrieved from ERA-Interim reanalysis, a product from European Centre for MediumRange Weather Forecast (ECMWF) at 0.5 ∘ * 0.5 ∘ resolution from 1998 to 2008. It is worth mentioning that, for this analysis, the pressure level wind field required to assess the position and strength of the African Easterly Jet (AEJ) is absent in CORDEX output; in view of this pressure level wind data from Ensemble-AMMA project was used to assess the wind profile pattern. All the datasets are subjected to quality control and regridded to the same spatial resolution of ∼0.44
Data and Methodology
∘ . In a way to evaluate the performance of the dataset (Satellite and CORDEX RCMs) quantitatively relative to the ground observation data, a wide range of evaluation statistics are available to assess model performance [53] [54] [55] . There is, however, no single statistic that encapsulates all aspects of interest. For this reason it is useful to consider several performance statistics and also to understand the sort of information or insight they might provide. The following statistical methods were therefore used to assess the best satellite, gridded and RCMs dataset over the study area: mean bias (MB), mean gross error (MGE), root mean square error (RMSE), and correlation coefficient ( ). Also the standardized precipitation index, a tool which was developed primarily to monitor wet and dry years, was computed over West Africa domain for all the El Nino and La Nina years using the longterm mean, yearly mean, and the standard deviation of the precipitation data.
Because of the limited temporal resolution of TRMM data, some of the analysis will be limited to 1998-2008.
Results and Discussion
Before evaluating the RCMs ability to capture the interseasonal variability over West Africa, the degree to which the model captures the spatial pattern must be examined. The spatial pattern of mean monthly JJAS precipitation from 1998 to 2008 for the CORDEX RCMs was examined and compared with TRMM observation in Figure 4 . In TRMM precipitation, the zone of highest/heaviest rainfall is observed to be around the coastal part extending from Liberia (south-west) towards the south eastern part of West Africa while north of latitude 10 ∘ is having moderate to low rainfall. This observed region of low and high rainfall is consistent in all the three CORDEX RCMs but the amount of rainfall varies from one model to another. These observed results are in mutual agreement with the work of [39, 45, 48 ]. An interesting feature observed was that the zone of heaviest rainfall coincides with localized highlands in Guinea Coast, Cameroon Mountains, and Jos Plateau in Nigeria. leading to the northward shift of the monsoon precipitation to about 10 ∘ N resulting in high rainfall amounts in the Sahel region of West Africa accompanied by abrupt cessation in precipitation intensities along the Guinean Coast. However a number of differences were observed with regard to the magnitude and spatial extent of these features. For instance, RCA fails to distinctively reproduce the monsoon jump while CCLM and RCA largely overestimated the pre-and the postmonsoon precipitation. The inability of the models to capture the observed features of the WAM may be as a result of their failure to adequately simulate the triggering mechanisms of the WAM precipitation, for example, African Easterly Jet (AEJ), Tropical Easterly Jet (TEJ), and African Easterly Waves as concluded in earlier studies [8, 37, 58] . Overall, the three distinct phases of the mean annual cycle of the West Africa Monsoon precipitation are generally well captured by REMO and poorly replicated by CCLM and RCA due to their under-and overestimation, respectively.
Furthermore, a detailed additional analysis of the annual cycle was carried out considering the area-averaged value of monthly rainfall using ground observation data from 81 stations across West Africa to validate the TRMM and RCM rainfall data as shown in Figure 6 . This helps to better identify rainfall minima and maxima and thus to further gain insights into the capability of TRMM data and the RCMs to capture phases and amplitudes rainfall (mm) in the specific homogenous zone in West Africa. Over the Guinea Coast (see Figure 6 (a)) ground observation data exhibits two peaks of rainfall, a primary maximum in June, a secondary one in September, and a relative mid-summer low (minimum) in August as the monsoon rainband seasonally migrates in the north-south direction. However, observed were some slight differences in the intensities among the TRMM and RCMs predominantly during the peaks of rainfall; it is worth mentioning that the RCMs replicate the observed pattern but overestimate rainfall amount. In the Savannah (see Figure 6(b) ), the length of rainy season extends from May to September; however rainfall exhibits a unimodal pattern, having its peak in the month of August. All the models underestimated the rainfall amount during the summer month but captured the pattern except CCLM. Over the Sahel (see Figure 6 (c)), the length of rainy season is less than four months between July and September with August having the highest rainfall amount; the TRMM data and RCMs capture the described pattern but underestimate the amount. Summarily, over the entire West Africa domain (see Figure 6 (d)), July to September was observed to have the highest rainfall and this is consistent in the TRMM and the RCMs. It is worth saying that the CORDEX RCMs used capture the interseasonal variability of precipitation except for CCLM.
The performance of the model requires further examination into the dynamics of the monsoon, particularly to ascertain the role of the wind field in the rainfall distribution of West Africa. Hence analysis of the 850 mb specific humidity and wind fields is carried out in Figure 7 in a way to assess the moisture transport and depth by West African Westerly Jet (WAMJ) [6, 7] . In ERA-interim, observed was a narrow band of westerlies located at about 4 ∘ E but locate it farther north, along Lake Chad at 10 ∘ N with a dominance of cyclonic circulation over Mauritania in two of the models (RCA and REMO). This circulation can be attributed to a very large extent moisture convergence (owing to high specific humidity loading) which can be related to large deviation in precipitation simulated by two RCMs mentioned earlier. Furthermore, the models simulate monsoon that penetrates northward to about 16 ∘ N, covering the lower half of the Sahel. The difference in the northward extent of the monsoon between ERA-Interim and RCMs may be due to the differences in the strength of the simulated westerlies as indicated earlier, in particular, the westerly jet. In fact, studies have shown that the low-level westerly jet is an important agent for transporting moisture from the eastern tropical Atlantic Ocean into continental West Africa during boreal summer [56] [57] [58] .
Furthermore, the vertical cross section of the zonal wind over West Africa from 1998 to 2008 for (a) ERA-Interim, (b) CCLM, (c) RCA, and (d) REMO during West Africa Summer Monsoon months of JJAS is shown in Figure 8 . In ERA-interim a stratified structure of the atmospheric circulation located the monsoon flow (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) ∘ N) at low level, the African Easterly Jest (AEJ) at the midlevel at about 600-700 hPa centered at about [12] [13] [14] [15] ∘ N and the Tropical Easterly Jet at 200 hPa and centered around [10] [11] ∘ N. The depth and northward extent of the monsoon flow and the associated westerlies were reasonably simulated by the RCMs, although the intensity was slightly underestimated. In addition the ITD front is well reproduced and the AEJ is well simulated around 700 hPa by RCA and REMO but its strength is underestimated and the core is a bit shifted to the north. In the upper troposphere, two of the RCMs distinctly reproduce the strength, location, and depth of the TEJ. However, the shift of jet core and the overestimation of easterlies are related to an excessively strong surface temperature gradient over land as observed by [8, 39] and to a great extent have impacts on the West Africa precipitation amount and its variability.
Rainfall (Figure 9(b) ) using the ground observation data as the reference were further investigated. Negative anomalies were observed during the El Nino years which can imply dry conditions. It is worth saying that CCLM and RCA capture this extreme but overestimated the intensity to a very large extent while REMO only captures the El Nino events of 1997/1998. In contrast, positive anomalies prevailed during the La Nina years with REMO replicating almost perfectly the observed events. However, CCLM and RCA only capture this event during 1999/2000. These observed positive anomalies imply wetter than normal rainfall conditions over West Africa. The finding is similar to the work of the authors of [59] [60] [61] [62] who reported separately in their works that ENSO tends to influence rainfall.
Taylor diagrams [63] were used to validate the models result against ground observation precipitation data in each subregion (Figures 10(a)-10(d) ) using seasonal means of June-September (JJAS) for the period of 1998-2008.
The mean bias error, mean gross error, root mean square error (RMSE), Pearson's correlation coefficient, and standard deviation (SD) were used for the validation. To provide an overview of observational uncertainty, TRMM data is also compared to the ground observation data and plotted on the same diagram. The satellite data used (TRMM) was observed to be in good agreement with the observed data to about 90% owing to its high correlation values (greater than 0.90) and relatively low errors with standard deviation in the vicinity of the ground observation data. This makes the TRMM data most suitable in replicating precipitation pattern over the subregion and the entire West Africa domain as shown in Table 1 . However, Table 1 further shows that all the RCMs perform well in Guinea Coast and Sahel owing to their high correlation values while in Savannah only RCA performs well. However, CCLM and REMO exhibit high RMSE, MB, and MGE compared with RCA in Guinea Coast and Sahel.
Conclusion
In this study, three CORDEX RCMs were analyzed for their ability to capture and characterize rainfall patterns over West Africa region during the monsoon season of June-September from 1998 to 2008. Results show that the observed region of low and high rainfall is consistent in all the three CORDEX RCMs but the amount of rainfall varies to some extent.
Results further show that the three distinct phases of the mean annual cycle of the West Africa Monsoon precipitation are generally well captured by REMO and poorly replicated by CCLM and RCA. However, based on the interseasonal variation of precipitation over the subregions and the whole West Africa, the RCMs tend to underestimate rainfall amount during the summer month but captured the pattern except CCLM. Furthermore, analysis of 850 mb specific humidity and wind field reveals that the RCMs simulated winds tend to be stronger, the westerly jet spanning more latitudes. Also observed was a dominance of cyclonic circulation over Mauritania in two of the models (RCA and REMO). This circulation was attributed to a very large extent to moisture convergence (owing to high specific humidity loading) which can be related to large deviation in precipitation simulated by two RCMs mentioned earlier. The RCMs capture the Monsoon layer, AEJ, and TEJ with little variations in position and intensity. The models were found to simulate the drier than average conditions observed during El Nino events and wetter than normal conditions observed during the La Nina event though the intensity was overestimated in most of the RCMs. In general, this study has demonstrated that the three CORDEX RCMs simulate West Africa rainfall fairly and can therefore be used for the assessment of West African Summer Monsoon and future climate projections.
